In previous studies, the C-terminal R peptide of the murine leukemia virus (MuLV) Env protein was shown to be a potent inhibitor of viral fusion activity. In the present study, we investigated the molecular determinants in the MuLV Env protein cytoplasmic tail which are important for the fusion inhibition activity of the R peptide. We constructed a series of mutant MuLV env genes which express Env proteins with serial truncations, internal deletions, or amino acid substitutions in the cytoplasmic tail. To analyze their cell fusion activity, we employed a quantitative fusion assay. We found that truncations of up to 7 amino acids from the C terminus of the cytoplasmic tail had no detectable effect on the lack of fusion activity of the full-length Env protein; however, further truncations resulted in a progressive increase in cell fusion activity. Studies of mutant proteins with amino acid substitutions in the cytoplasmic tail showed that Leu-627 plays an important role in fusion inhibition by the R peptide, while most of the other amino acids in the R peptide were not essential for fusion inhibition. Studies of mutant proteins with internal deletions upstream of the cleavage site in the cytoplasmic tail showed that this region is also involved in fusion inhibition by the R peptide, although only to a limited extent. The results are consistent with a model in which the MuLV R peptide exhibits its fusion inhibition activity through interaction with a cellular factor(s).
Enveloped viruses enter the cells through a membrane fusion process, in which the envelope glycoproteins play a critical role. Fusion induced by viral glycoproteins can be generally categorized into two types. One group of envelope glycoproteins induces membrane fusion only under low pH conditions and is represented by the envelope proteins of influenza virus (hemagglutinin [HA] ) and vesicular stomatitis virus (G protein). Viruses of this type enter the cell by endocytosis, and subsequent fusion with endosome membranes is mediated by the envelope proteins (22, 38) . A second group of envelope proteins can initiate membrane fusion under neutral pH conditions, and members of this group include the envelope glycoproteins of parainfluenza viruses and most retroviruses (21, 23) . Viruses of this group enter the cell by direct fusion with the plasma membrane.
The envelope (Env) glycoproteins of retroviruses are synthesized as precursor proteins which are glycosylated and cleaved into surface (SU) and transmembrane (TM) subunits by a cellular protease (14, 18, 33, 40) . The SU protein mediates binding to receptors and determines the host range of virus infection (3, 24, 27) . The TM protein has three distinct domains: an extracellular domain, which interacts with the SU protein and which also contains a stretch of about 20 hydrophobic amino acids at its N terminus, designated the fusion peptide (11); a membrane-spanning domain, which anchors the Env protein in the cell or viral membrane; and the cytoplasmic tail.
Studies on the mechanism of the membrane fusion process induced by viral envelope proteins have been largely focused on the involvement of their ectodomains, while a possible role of the cytoplasmic tail in their fusion activities was not expected. However, several studies with retrovirus Env proteins have indicated that the cytoplasmic tails may also function to modulate fusion activity. Studies with simian immunodeficiency virus (SIV) have shown that, after passage in human cell lines, a virus containing a truncated TM protein is selected (7, 17) . Further studies showed that the truncation of most of the Env protein cytoplasmic tail of SIVmac239 greatly increases its fusion activity (31, 43) and also induces a conformational change in its extracellular domain as detected by surface biotinylation (35) . In murine leukemia virus (MuLV) and Mason-Pfizer monkey virus (MPMV), the TM protein cytoplasmic tail is further processed by the viral protease after virus particle assembly (12, 34) . In MuLV, this processing of the TM protein produces the mature TM protein p12E and releases a fragment of 16 C-terminal amino acids, which has been designated as the R peptide (12, 15) . Recent studies have shown that the processing of the cytoplasmic tail of the Env glycoproteins of MPMV and MuLV is important for their fusion activities. It has been shown that cleavage of the MuLV R peptide is critical for the activation of the cell fusion activity of the Env protein (28) (29) (30) , and the fusion activity of the MPMV Env protein is also greatly increased by the cleavage of its cytoplasmic tail (4) .
In recent studies, we have shown that the cytoplasmic tail of the MuLV Env protein also exerts a profound inhibitory effect on the fusion activity of SIV-MuLV chimeric Env proteins (41) . We further showed that the inhibition of fusion is due to the presence of the MuLV R peptide. In the present study, we have delineated the molecular determinants of the MuLV R peptide which are important for its fusion inhibition activity by using mutant Env glycoproteins with serial truncations or amino acid substitutions in the cytoplasmic tail. We have determined that amino acids close to the R peptide cleavage site play a critical role in the fusion inhibition activity of the R peptide.
MATERIALS AND METHODS

Cells and viruses.
HeLa T4 cells and XC cells were obtained from the American Type Culture Collection, Rockville, Md. They were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (GIBCO BRL). A recombinant vaccinia virus (vTF7-3) expressing the T7 polymerase was provided by B. Moss. Ϫ /d609-614, which encodes a mutant MuLV Env protein with deletion of amino acids 609 to 614 and truncation of the R peptide. All mutations were confirmed by DNA sequencing (32) . Plasmid G4-␤Gal, which encodes the ␤-galactosidase gene under the control of the T7 promoter, was constructed by excising the XhoI fragment of plasmid pSV-␤Gal (which contains the ␤-galactosidase gene) and inserting it into plasmid pGEM4.
Protein expression, metabolic labeling, and immunoprecipitation. Protein expression was carried out with the vaccinia virus T7 system (10) . HeLa T4 cells were seeded in 35-mm dishes. Twenty-four hours later, they were infected with vTF7-3, a recombinant vaccinia virus expressing T7 polymerase, at a multiplicity of infection of 10 for 90 min. After infection, the cells were washed once with DMEM, and then transfected by using Lipofectin (GIBCO-BRL) in DMEM by plasmid DNA constructs described in the figure legends. At 12 h after infection and transfection, the cells were labeled with 100 Ci of [
35 S]Met-Cys in 600 l of Eagle's medium deficient in methionine and cysteine for 45 min, then washed once with DMEM plus 10% bovine calf serum, and then chased in DMEM plus 10% bovine calf serum. After 4 h of chase, cells were washed once with DMEM and then lysed with lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate [pH 7.5]) and immunoprecipitated with appropriate antibodies and protein A-agarose (Pierce) at 4°C overnight. Samples were prepared with 2ϫ sample buffer (125 mM Tris-HCl [pH 7.5], 4% sodium dodecyl sulfate [SDS] , and 20% glycerol, plus 10% ␤-mercaptoethanol for 2ϫ reducing sample buffer) and heated at 95°C for 5 min before they were loaded onto gels for SDS-polyacrylamide gel electrophoresis (PAGE) (20) .
Biotinylation of the surface proteins. Surface expression of each construct was assayed by a surface biotinylation assay (35) . HeLa T4 cells were seeded, infected, and transfected as described above. At 12 h postinfection, cells were starved with Eagle's medium deficient in methionine and cysteine for 45 min and then pulse-labeled with 150 Ci of [
35 S]methionine and cysteine (Du Pont, NEN) in 800 l of methionine-and cysteine-deficient DMEM for 45 min. After labeling, cells were washed once with DMEM plus 10% bovine calf serum and then chased in DMEM plus 10% bovine calf serum. After 4 h of chase, the cells were washed three times with phosphate-buffered saline (PBS), biotinylated at 4°C for 30 min with 0.5 mg of NHS-SS-Biotin (Pierce)/ml in PBS, lysed with lysis buffer, and then immunoprecipitated with appropriate antibodies and protein A-agarose at 4°C overnight. Samples were washed twice in lysis buffer plus 0.4% SDS and then split into two equal portions. One portion was mixed with 15 l of reducing sample buffer and used as the control for total cellular expression. The other portion was mixed with 20 l of 10% SDS and heated at 95°C for 15 min in order to dissociate the antigen-antibody-protein A-agarose complex. Dissociated proteins were then dissolved in 700 l of lysis buffer and incubated with 10 l of streptavidin-agarose (Pierce) for 5 h at 4°C. Biotinylated samples were washed three times with lysis buffer, mixed with 15 l of reducing sample buffer, and heated at 95°C for 5 min before they were loaded onto SDS-PAGE gels. Fusion assay of wild-type and mutant MuLV Env proteins. The fusion activities of MuLV env constructs were determined by the following procedure. HeLa T4 cells, which were seeded into 24-well plates the previous day and grown to 80% confluence, were infected with vTF7-3 and transfected with plasmid constructs containing wild-type or mutant MuLV env genes by using Lipofectin (GIBCO BRL) as described above for protein expression. At 12 h postinfection, they were overlaid with XC cells, a transformed rat cell line which is sensitive to fusion by the MuLV Env proteins. Cell fusion was monitored 4 h later, and cells were photographed with a phase-contrast microscope.
Quantitation of the fusion activities of the wild-type and mutant MuLV Env proteins was performed according to the following procedure developed by Nussbaum et al. (26) . Briefly, HeLa T4 cells seeded into 24-well plates and grown to 80% confluence were infected with vTF7-3 and transfected with plasmid constructs containing genes encoding the wild-type or mutant MuLV Env proteins by using Lipofectin (GIBCO BRL) as described above for protein expression. At the same time, XC cells grown to confluence were transfected with plasmid G4-␤Gal by using Lipofectin. At 12 h postinfection, transfected XC cells were detached from plates by treatment with 2 mM EDTA (in Ca 2ϩ -and Mg 2ϩ -deficient PBS) and suspended in DMEM with 10% bovine calf serum. They were then overlaid onto the infected HeLa T4 cells in the 24-well plate. Cell fusion was monitored and quantitated by assay for ␤-galactosidase activity using colorimetry.
RESULTS
The effect of serial truncations in the cytoplasmic tail on the fusion activity of the MuLV Env protein. As has been shown in previous studies, truncation of the R peptide of the MuLV Env protein greatly increased its cell fusion activity (28) (29) (30) 41) . To further define the molecular determinants in the R peptide of the MuLV Env protein which are important for its fusion inhibition activity, we first generated mutant MuLV Env proteins with serial truncations in the R peptide. The amino acid sequences of the truncated MuLV Env proteins are shown schematically in Fig. 1 . As shown in Fig. 2 , these Env proteins were found to be expressed and transported to the cell surface at levels similar to those of the wild-type Env proteins. Truncations in the cytoplasmic tail resulted in faster migration of the TM proteins in SDS-PAGE; however, the processing of the Env proteins was not affected. To determine the effect of truncations in the R peptide region on its fusion inhibition activity, we analyzed the cell fusion activities of these mutant proteins. As shown in Fig. 3 , quantitation of the fusion activities of these proteins revealed that Menv628Tr and Menv630Tr exhibited about 75 and 50%, respectively, of the fusion activity of MenvR Ϫ , in which the R peptide is completely removed. Menv634Tr and Menv638Tr, as well as the full-length wild-type Env protein, Menv, did not induce any significant fusion above the background level. These results indicate that successive truncations of the R peptide result in a progressive increase of the fusion activity of the Env protein.
Mutations of Gln-629, Gln-630, Gln-633, His-632, or Leu-634 in the R peptide did not affect its fusion inhibition activity. The results of the above studies also showed that the C-terminal 7 amino acids are not required for the fusion inhibition by the MuLV cytoplasmic tail, indicating that the molecular determinant in the R peptide which is important for its fusion inhibition activity probably resides in the region from amino acid 626 to 634. Based on these results, we generated sitedirected mutants with amino acid substitutions in the cytoplas-mic tail of the Menv634Tr mutant, which retained full fusion inhibition activity.
Previous studies with MPMV have shown that the processing of the cytoplasmic tail of the MPMV Env protein by the viral protease also enhances its fusion activity (4) . A sequence alignment of the cytoplasmic tails of the Env proteins of different strains of MuLV and MPMV is shown in Fig. 4 . His-632 and Leu-634 of the MuLV Env protein are conserved at similar positions in the MPMV Env protein. As shown above, truncation at amino acid 630 resulted in a drastic increase in the fusion activity of the MuLV Env protein. To determine whether these histidine or leucine residues constitute an essential feature for the fusion inhibition activity, we constructed mutant MuLV env genes in which the codon for His-632 was changed into that for Ala (Menv634Tr/H632A), the codon for Leu-634 was changed into that for His (Menv634Tr/L634H), or both (Menv634Tr/ H632A,L634H). Glutamine 633 was also mutated into an alanine residue (Menv634Tr/Q633A). As shown by the results with the truncation mutants, further truncation of the two glutamine residues (Gln-629 and Gln-630) resulted in a higher fusion activity (comparing Menv628Tr to Menv630Tr). Interestingly, the natural truncation site in the cytoplasmic tail of the SIVmac239 Env protein is also located between two consecutive glutamine residues. To investigate whether these glutamine residues may also be involved in the fusion inhibition activity of the R peptide, we also generated mutant MuLV Env proteins in which Gln-629 and Gln-630 were replaced with alanine residues. The amino acid sequences of the cytoplasmic tails of these mutant Env proteins are shown schematically in Fig. 1 .
The expression, processing, and cell surface expression levels of the mutant Env proteins were found to be similar to those of the wild-type (Menv) and the R-peptide-truncated (MenvR Ϫ ) Env proteins (Fig. 5) . When analyzed for cell fusion activities, these mutant Env proteins did not induce any syncytium formation above the background level. Results from the quantitative assay showed that these constructs exhibited very little or no fusion activity, similar to the full-length wild-type Env protein (Fig. 6) . These results, together with results of cell fusion by MuLV Env proteins with serial truncations or internal deletions in the cytoplasmic tail, indicated that although a certain length of flanking amino acids is necessary for fusion inhibition, there is no specific amino acid requirement in this segment (from amino acid 629 to 634) for the fusion inhibition activity of the R peptide.
The effect of the amino acids in the MuLV cytoplasmic tail upstream of the R-peptide cleavage site on fusion inhibition activity. To determine whether the amino acid sequences in the MuLV Env protein cytoplasmic tail upstream of the R peptide may also be involved in the fusion inhibition by the MuLV R peptide, we constructed mutant MuLV Env proteins with internal deletions in the cytoplasmic tail. Menv/d609-614 was constructed to delete amino acids from 609 to 614 in the cytoplasmic tail, and Menv/d609-625 was constructed to delete amino acids from 609 to 625, which encompasses the entire MuLV cytoplasmic tail upstream of the R peptide. As shown in Fig. 7 , the transport and processing of these mutant Env proteins, compared to those of the wild-type Env protein, were not affected by the deletions; however, their cellular and surface expression levels were substantially lower than was found with other mutant Env proteins ( Fig. 7 ; compare lanes 6 and 7 to other lanes). When they were analyzed for their cell fusion activities, as shown by the quantitative fusion assay (Fig. 8) , Menv/d609-625 exhibited about 20% of the fusion activity of MenvR Ϫ when they were expressed at a similar level (by reducing the expression level of MenvR Ϫ ), while Menv/d609-614 exhibited no fusion activity. These results indicate that the region upstream of the R peptide also plays a role in its fusion inhibition activity.
Leu-627 plays a critical role in the fusion inhibition activity of the MuLV R peptide. The results of the above studies showed that mutation or deletion of most of the C-terminal 13 amino acids in the R peptide does not affect its fusion inhibition activity, indicating that they are not critical for the fusion inhibition function of the R peptide. We have reported that the attachment of the MuLV R peptide to the C-terminal end of a highly fusogenic truncated SIV Env protein also greatly reduced its fusion activity (41) . It has also been reported that mutation of Val-626 into an arginine residue prevented the cleavage of the R peptide and inhibited the fusion activity of the MuLV Env protein (30) . We therefore generated further mutant Env proteins in which Leu-627 or Thr-628 was changed into alanine. We also generated a mutant MuLV Env protein in which Leu-627 was mutated into proline. The amino acid sequences of the cytoplasmic tails of these mutant Env proteins are shown in Fig. 1 . As shown in Fig. 7 , these mutant Env proteins were found to be expressed and successfully transported to the cell surface. These mutant proteins were then analyzed for their cell fusion activity. As shown in Fig. 8 , mutation of Thr-628 into alanine did not affect the cell fusion activity of the Env protein. However, mutation of Leu-627 into either alanine or proline activated the cell fusion activity of the Env protein to about 60 or 80% (respectively) of that of the R-peptide-truncated Env protein, MenvR Ϫ . These results suggested that Leu-627 plays a critical role in the fusion inhibition activity of the MuLV R peptide. However, these mutants were generated on the basis of the truncation mutant Menv634Tr, which remains nonfusogenic. To investigate whether the release from the fusion inhibition activity is due to the combined effects of the mutation of Leu-627 and truncation of the C-terminal 7 amino acids in the Menv634Tr mutant, we introduced Leu-627 mutations in the context of the full-length MuLV Env protein (MenvL627A and MenvL627P). As shown in Fig.  9A , the mutant Env proteins were expressed at levels similar to those of the full-length or R-peptide-truncated MuLV envelope proteins (compare lanes 3 and 4 to lanes 2 and 6). When these mutant Env proteins were analyzed for their fusion activities, as shown in Fig. 9B , the two Leu-627 mutants exhibited about 70 to 80% of the fusion activity of MenvR (Fig.  9A, lane 5) and also exhibited a fusion activity comparable to that of MenvR Ϫ (Fig. 9B ), indicating that this segment (amino acids 609 to 614) does not play a significant role in the fusion activity of the MuLV envelope protein.
DISCUSSION
The cytoplasmic tail of the MuLV Env protein is processed by the viral protease during virus assembly, releasing a fragment containing 16 C-terminal amino acids, which is designated the R peptide (12, 15) . It has been reported that cleavage of the R peptide is important for the activation of the fusion activity of the Env protein, and mutant MuLV Env proteins with the R peptide truncated exhibited enhanced cell fusion activity (28) (29) (30) . In our previous studies, we have shown that the MuLV R peptide could also exert a profound inhibitory effect on the fusion activities of SIV-MuLV chimeric proteins (41) . In the present study, we have constructed mutant MuLV Env proteins with serial truncations or amino acid substitutions in the R-peptide region, and we have defined the molecular features which are important for the fusion inhibition activity of the MuLV R peptide. All these mutant Env proteins were found to be properly processed and to be transported to the cell surface as efficiently as the wild-type Env protein, as shown by results from pulse-chase labeling and surface biotinylation studies. We also used a sensitive fusion assay which enabled us to quantitatively assess the effect of each mutation on the fusion activity of the Env protein. Our results show that Leu-627 plays a critical role in the fusion inhibition by the R peptide, while most of the other amino acids in the cytoplasmic tail are not essential for this function. Results from studies on the truncation and internal deletion mutants show that regions flanking Leu-627 are also important for its fusion inhibition effect, although they are tolerant to multiple amino acid replacements. However, amino acids 609 to 614 are not required for the fusion inhibition by the R peptide, as indicated by lack of fusion activity by Menv/d609-614 and the loss of fusion inhibition by its R-peptide-truncated counterpart MenvR Ϫ /d609-614. The presence or absence of the 7 C-terminal amino acids in the R-peptide area also did not affect the fusion activity of the Env protein, as indicated by the serial truncation mutants.
Studies on the mechanism of fusion by viral envelope proteins have shown that the affinity for the cellular receptor and the hydrophobic property of the fusion peptide, which are largely determined by properties of the extracellular domain of the Env proteins, are critical for their fusion activity. The mechanism of fusion by viral envelope proteins is best illustrated by studies of the influenza HA protein. It has been demonstrated that low pH conditions trigger a conformational change in the extracellular domain of the HA protein. This conformational change results in the exposure of the highly hydrophobic fusion peptide, which then is thought to insert into the target membrane (6, 36, 37) . However, a possible role of the cytoplasmic tail in the fusion activity of viral envelope proteins was not anticipated from these studies. In fact, only recently has it become evident that changes in the cytoplasmic tails of viral envelope proteins can affect their cell fusion activity. It has been reported that truncations in the cytoplasmic tail of the human immunodeficiency virus envelope protein can affect its cell fusion activity (8, 9, 25, 39) . Studies with SIV Env proteins have shown that Env proteins with most of the cytoplasmic tail truncated exhibited increased cell fusion activity in established human T-cell lines (31, 43) . Studies with MuLV envelope proteins have shown that the cleavage of the R peptide is important to activate its fusion activity (29, 30) . Furthermore, our previous studies have shown that the R peptide can also inhibit the fusion of SIV-MuLV chimeric envelope proteins, which utilize a different receptor. Studies with the SIV envelope proteins have shown that truncation of the SIV Env cytoplasmic tail induced a conformational change in the extracellular domain of the Env protein, as detected by a surface biotinylation assay (35) , and it was postulated that this conformational change may render the SIV Env protein more fusogenic. As shown in the present study, as well as our previous studies, no significant difference in surface biotinylation between most of the mutant Env proteins and the wild-type Env protein was observed. However, it is possible that changes in the cytoplasmic tail of the MuLV Env protein induce conformational changes that cannot be detected by this method. It is interesting that it was reported that fusion with XC cells was not significantly affected by the truncation of the R peptide (17a, 30) . This difference probably reflects the different cell lines or expression system used in our studies. As shown by Jones and Risser, the MuLV envelope protein exhibited differences in apparent molecular weight when it was expressed in different cell lines (17a) .
The cytoplasmic tails of viral envelope proteins may also affect their stability on the cell surface. Studies with the SIV Env protein have shown that mutation of a tyrosine residue (Tyr-723) in its cytoplasmic tail resulted in increased surface expression (19) , whereas in parainfluenza virus type 3, truncation of the cytoplasmic tail of the F protein impaired its transport to the surface (42) . Interestingly, there is a conserved tyrosine residue (Y613) present in the R peptide. However, in our previous studies, we have shown that mutation of Tyr-631 into a cysteine residue did not affect the cell fusion activity of the MuLV Env protein or its processing or surface expression (41a). Most of the mutations introduced into the cytoplasmic tail of the MuLV Env protein were not found to affect its processing or surface expression. To ensure that the observed differences in fusion activity were not caused by the differences of the level of surface expression, we analyzed the expression of each mutant protein in parallel. Our results showed that changes in surface expression levels had only a minimal effect on the fusion activity of the wild-type and mutant MuLV Env proteins (data not shown).
One possible mechanism of inhibition of fusion by the MuLV R peptide may involve a cellular factor(s) which participates in the fusion process. Several studies have suggested that fusion by viral envelope proteins involves cellular actin microfilaments (1, 5) and cell surface integrins (2, 13, 16) . However, the cellular machinery which promotes the fusion of membranes is still not well characterized. The cytoplasmic tail of the MuLV Env protein could interact with cellular proteins and thus affect cell fusion activity. The R peptide could inhibit fusion activity either by binding to inhibitory cellular proteins or by preventing the Env proteins from interacting with cellular proteins that promote cell fusion. Such an interaction could be centered around the critical leucine residue in the R peptide (Leu-627). Although the presence of other specific amino acids is not critical, as indicated by the lack of effect of other amino acid substitutions in the cytoplasmic tail, the presence of adjacent residues may be necessary for providing correct positioning of Leu-627 for interaction with a cellular factor(s). The progressive increase in fusion activity observed for mutants with serial truncations or internal deletions in the cytoplasmic tail could result from a quantitative effect on the affinity of the R peptide with a cellular factor(s). A mutant Env protein in which Leu-627 was replaced with a proline residue also showed higher fusion activity than the mutant Env protein in which Leu-627 was replaced with an alanine residue. Since the R peptide also inhibits cell fusion activity of SIV-MuLV chimeric Env proteins and MuLV in different cell types, any cellular factor(s) involved in this process must exist in cell types of different origins. Brody et al. (4) reported that cleavage of the MPMV Env protein cytoplasmic tail also increased its fusion activity. As shown by sequence comparison (Fig. 4) , Leu-627 of the MuLV R peptide is aligned with an isoleucine residue in the cytoplasmic tail of the MPMV Env protein. It will be interesting to know whether inhibition of fusion by the cytoplasmic tails of these two Env proteins involves a common mechanism or a similar cellular factor(s). A comprehensive understanding of the function of the cytoplasmic tail in the fusion activities of viral envelope proteins will lead us to a better understanding of the fusion process and to delineation of the cellular machinery involved in membrane fusion.
